ABSTRACT This paper presents the RF characterization of SiC/Si heterojunction diodes fabricated using a novel localized laser process. Selective growth of SiC on Si is carried out by utilizing excimer laserbased annealing in the presence of carbon source. Use of ambient conditions (atmospheric pressure and room temperature) during growth makes this process simple and low cost. The Si wafer is first coated with carbon rich film and then locally annealed using high power laser which causes dissociation of solid carbon sources and a simultaneous melting of the silicon leading to the growth of SiC. The Raman spectrum shows peaks for acoustical and optical phonon modes for β-SiC between 940 and 980 cm −1 . The fabricated diodes show high breakdown voltage (>200 V) and low leakage current density of 3-5 μA/cm 2 (−5 V). Experimental results for the dc characteristics, microwave rectification and frequency multiplication are presented. The measured results show good RF rectification (e.g., 21 V/W at 3 GHz) up to 6 GHz using a large diode (70×70 μm 2 ). The diodes also work well as frequency doublers over a wide frequency range of 2-6 GHz. The diode area can be scaled down to design circuits operating at higher frequencies.
I. INTRODUCTION
Affordable high power microwave devices are desired for applications such as base station transceiver and automotive collision avoidance systems [1] , [2] . High frequency solid state devices are limited by transit time and thus smaller size devices are needed to achieve high cut-off frequency. The high power and high frequency circuits require devices based on semiconductor materials with both large breakdown voltage and high electron velocity. Wide bandgap materials like gallium nitride (GaN) and silicon carbide (SiC) are of particular interest as they can handle high power densities unlike conventional semiconductors [3] , [4] . GaN and SiC based devices grown on Silicon (Si) substrate are foreseen as one of the best candidates for next generation systems that require seamless integration of RF and digital circuits in close proximity to each other. A variety of microwave devices based on GaN and SiC have been demonstrated in the past including Schottky barrier diodes, metal semiconductor field effect transistors (MESFETs), heterojunction bipolar transistors (HBTs), high electron mobility transistors (HEMTs), and impact ionization avalanche transit-time diodes (IMPATT) [5] - [7] .
SiC has also gained interest for power applications due to its higher thermal conductivity in comparison to GaN, and it can also theoretically withstand higher power densities. Out of the various existing polytypes of SiC, 3C-SiC is of interest as it can be grown directly on Si and also has the highest electron mobility. Tremendous effort has been directed towards direct growth and integration of high quality SiC and GaN devices on Si substrate for monolithic microwave integrated circuits (MMICs). Next generation of circuits require CMOS circuitry for data conditioning and signal processing along with high power RF devices. The most common integration techniques studied are hybrid integration and hetero-epitaxy. Hybrid integration approaches, such as wire bonding and flip chip, provide a short term solution. However, it has many limitations in terms of interconnect losses and die placement/alignment issues, and integration density. A more attractive approach is the hetero-epitaxy of different semiconductors onto Si substrate. The biggest challenge in direct growth of compound semiconductors (CS) on Si is lattice mismatch and coefficient of thermal expansion (CTE) mismatch. CTE mismatch is a bigger problem as the growth is usually carried out at temperatures above 1000 • C causing accumulation of thermal mismatch at the junction. In recent years, different approaches have been used to solve this challenge such as buffer layer engineering to suppress crack formation [8] , [9] , low temperature molecular beam epitaxy (MBE) [10] , and plasma enhanced chemical vapor deposition (PECVD) [11] .
Another attractive approach is to grow the materials locally or selectively on Si substrate. It allows optimizing the performance of circuits through strategic placement of CS based microwave devices and CMOS devices on a common silicon substrate. The selective area growth can also help in reducing misfit dislocation density in lattice mismatched systems by reducing dislocation interaction and multiplication [12] . As the growth area is limited to few mm 2 , the quality of heterogeneously grown CS can be better optimized. Recently, local epitaxy of InP-based HBT structures were reported on lithography defined lattice engineered Si substrate (wafer with growth windows) using MBE at 650 • C [13] . However, these techniques require complex epi-layer engineering, unique silicon substrate wafer for local epitaxial growth and heating of the whole substrate. So, there is a need for alternate low cost growth techniques for integration of high power microwave circuits along with CMOS devices while limiting exposure of existing circuits on Si to high temperature.
Recently, growth of SiC on Si has been demonstrated using furnace annealing (FA) and rapid thermal annealing (RTA) of pre deposited carbon (C60) films on Si. The annealing process causes diffusion of carbon into Si [14] , [15] . Although RTA requires much lower temperature than the conventional CVD or FA because of enhanced SiC crystallization at high heating rates but it still requires heating of the whole substrate. To overcome this challenge, Kaur et al. [16] recently demonstrated selective area growth of SiC /Si heterojunction (HJ) diodes using a high power KrF (nanosecond) excimer laser. The laser based technique uses focused high power laser beam to locally anneal the pre deposited carbon source on a Si substrate. Laser based process is a perfect solution as it provides localized heating and it has been used as an alternative to classical FA or RTA for various applications such as doping of crystalline Si and recrystallization of amorphous Si film [17] , [18] . Therefore, it is expected that laser can be used to grow SiC on Si by annealing the pre-deposited carbon film.
Kaur et al. [16] demonstrated the use of this new laser based process in the fabrication of photo-diode. This paper presents experimental demonstration of laser processed SiC/Si HJ diodes for high frequency applications, to the best of our knowledge, for the first time. The use of laser as a heat source for growth process offers several advantages: (a) spatial resolution and control, (b) limited damage to the substrate and neighboring circuits, (c) possibility of cleaner film due to small area heating and, (d) rapid (nonequilibrium) heating and cooling rate. The details of the laser based process, material characterization, DC and RF characterization of SiC/Si HJ diodes are presented in the follow on sections.
II. DEVICE FABRICATION
The SiC/Si diodes were fabricated on two types of wafers (ptype) with different carrier concentrations and thickness. The diodes made on the low doped wafer (N a = 4.3×10 14 cm −3 , thickness = 250μm) are referred to as diode A and diodes made on the high doped wafer (N a ∼3×10 15 cm −3 , the thickness of 150μm) are referred to as diode B.
The wafers were first cleaned with acetone and isopropyl alcohol in an ultrasonic bath for 5 min each, followed by a 5 min rinse in deionized (DI) water. The wafers were then cleaned by buffered hydrofluoric acid (HF) solution to remove native oxide followed by a DI water rinse. This was followed by spin coating of a thin layer of PMMA (∼400 nm), and baking for 90 sec at 180 • C. The wafer was then placed on an XYZ manipulator in open air environment and at room temperature. The sample was then irradiated with a high power KrF excimer laser (λ = 248 nm, pulse duration ∼25 ns). The excimer laser beam was directed onto the substrate through an optical path which homogenizes and shapes the intensity profile to achieve uniform illumination across the desired focal area. Confinement (localization) of energy is achieved by controlling the laser spatial profile by focusing the beam through optics, and beam shaping through homogenizers, apertures and refractive elements [19] . The repetition rate of the pulsed laser is fixed at 1 Hz and the number of pulses radiating the substrate is controlled using an external trigger unit.
Laser irradiation with very high power dissociates solid carbon sources and melts silicon leading to the growth of SiC. Use of lasers with smaller wavelength (248 nm) allows local modification of surface properties without altering the properties of the bulk region. The growth of SiC on Si is carried out through localized heating while holding the substrate under ambient conditions (in air at atmospheric pressure and at room temperature). The irradiated area of Si undergoes melting and re-crystallization in a very short period of time. The laser beam simultaneously decomposes PMMA and melts the Si surface. The PMMA provides a solid carbon source for SiC synthesis. The key mechanism for laser processing of semiconductors with high power lasers is photo-thermal (pyrolytic), where the absorbed laser energy 292 VOLUME 5, NO. 5, SEPTEMBER 2017
is directly transformed into heat. High power laser with fluences above the threshold of melting of material can lead to much higher solubility than in the solid phase which results in rapid material homogenization [20] . The average area of SiC region is 350 x 500 μm 2 which is dictated by the focusing optics.
To realize RF circuits with working frequencies in the GHz range, much smaller devices than this area are needed. Thus, further processing is carried out to reduce the device area and to deposit the contacts. The steps to fabricate small area diodes and to make contacts to Si and SiC are depicted in Figure 1(c-f) . The SiC/Si diodes are also coupled into the coplanar waveguide (CPW) feed network structures for on-wafer probing and high frequency characterization. First, a thin layer of Ni (200 nm) is deposited by e-beam deposition followed by deposition of 200 nm of Al (Figure 1(b) ). The bottom Ni is used as the Ohmic contact to SiC while Al is used here as a hard mask for etching SiC using SF 6 After etching the SiC, 300nm of SiO 2 was deposited using a PECVD process as shown in Figure 1(d) . The oxide was grown to passivate the surface after etching SiC. The oxide was patterned to open a window to the Si, Figure 1 (e). The 2 nd metal layer (Al) was then deposited as an Ohmic contact to the Si side of the diode. In the final step, the 2 nd metal was patterned, Figure 1 (f). The Ohmic contacts on both the SiC and Si were annealed at 450 • C for 5 min to improve the contact formation and reduce the series resistance. This step is important in order to improve the high frequency performance of the diodes.
The fabricated CPW structure is shown in Figure 2 . The ground pad of CPW directly contacts the Si substrate, and the signal pad contacts the SiC layer. The SiC/Si diode characteristics were measured between the ground and signal pads. Several SiC/Si devices were formed using a different number of laser pulses. The best devices are formed by 2 pulses, similar to the work presented by Kaur et al. [16] . Here, in this paper, the DC and RF characterization of devices fabricated from SiC formed using 2 laser pulses is presented on two different wafers having different doping concentrations. The Raman spectra for the device fabricated using 2 laser pulses is shown in Figure 3 . The Raman measurement was carried out in backscattering geometry using a 532 nm laser. The peak at 521 cm −1 is from the silicon substrate and the peaks between 940cm −1 and 980cm −1 are due to acoustical and optical phonon modes of β-SiC. The peak broadening is due to the damping of phonon modes by short range ordering of SiC crystallites [21] . The usual forbidden transverse optic (TO) mode around 796 cm −1 is not observed here; however, the LO mode peaks match with work presented in [22] and [23] . The absence of TO mode also suggests the absence of stacking faults, stress, and dislocations at the interface [24] . The inset of VOLUME 5, NO. 5, SEPTEMBER 2017 293 Figure 3 shows the Raman spectra measurements of materials of Diode A (on lightly doped wafer) and Diode B (on higher doped wafer). The inset also shows optical image of SiC/Si structure fabricated using 2 laser pulses.
III. EXPERIMENTAL RESULTS

A. CURRENT -VOLTAGE CHARACTERISTICS
All the device measurements presented in this paper were carried at room temperature, in open air environment, and under dark conditions using a Keithley 2400 source meter. The measurements are shown for the best performing diodes made from 2 laser pulse processed structure (optimum power transfer). The measured leakage current is lower than previously reported SiC/Si diodes fabricated using standard techniques such as CVD and sputtering [25] - [27] . The CVD grown SiC contains a large number of extended defects due to the lattice and CTE mismatch which results in high leakage current. Here, the small leakage current indicates fewer defects at the interface. This is largely due to the localized growth of SiC which helps in reducing misfit dislocation [27] . It can also be concluded from the J-V measurements that the conductivity of the SiC layer is n-type which is due to unintentional doping of SiC with nitrogen which has very low binding energy of 15-20 meV. This suggests that nitrogen from the ambient is incorporated in the film during laser process.
B. SIC/SI DIODE BASED MICROWAVE RECTIFICATION
Microwave or millimeter wave detectors are needed for applications such as wireless power transmission, concealed weapon detection, medical imaging, and energy recycling [28] . For high power rectification, devices based on wide-bandgap semiconductors are required. Here, the performance of SiC/Si HJ diodes fabricated using a laser process was investigated for microwave detection. The RF to DC rectification characteristics of the diode was measured by directly injecting RF power to the diode placed in a 50-CPW structure using GSG coplanar RF probes, and all the measurements were carried out at room temperature. For the measurement setup, (RF+DC) signal was applied to the device through a CPW probe, T-Bias and via a directional coupler (HP87300B). The directional coupler was used to acquire incident and reflected signal from the device. The reflected/incident signal was measured using a spectrum analyzer. High frequency losses in the setup were also measured in order to estimate the actual power delivered to the device. diode. Type B diode exhibited better properties than type A diode, producing a much higher rectified current which is due to higher doping level. For example, type B diode showed rectified current of 35 μA at 2 GHz while in comparison to 0.86 μA for type A diode. In addition, the rectified current remained above ∼ 1 μA over the entire measured frequency range (2-7 GHz) for diode B. The measured result shows that the diode can act as a rectifier up to 6 GHz. The higher frequency performance of the device is limited by transit time which is related to the size of the diode and can further be improved by reducing the area of the diode. The maximum RF power applied to the diode was limited by the source, but it is expected that higher detected current can be achieved at higher power levels without break down. The diodes were measured multiple times (>10) to make sure they can withstand cycling of high power levels and similar results were achieved every time. Also, it was noted that stable DC output can obtained with continues RF illumination over a long time (>15min.) with no change in device performance.
On-wafer S-parameter measurements of several diodes placed in 50-CPW feed structures were also carried out using the Network Analyzer (Agilent N5227A) up to 10 GHz at an input power level of -10 dBm. The S-parameter data was fitted to the diode equivalent model shown in Figure 8 . The model consists of series resistance R s , junction resistance R d , and junction capacitance C d which can be used to estimate voltage sensitivity (β v ) or current sensitivity (β i ) of the diode using the equations (1) and (2) [29] . Here, γ is curvature coefficient, is mismatch losses, and 1-2 in equation (1) accounts for absorbed power. The curvature coefficient γ is the measurement of the nonlinearity of the diode current-voltage (I-V) characteristic and is given by the ratio of the second derivative of the diode I-V characteristics to its 1st derivative, in most of the case, γ=q/nk B T. Where k B is the Boltzmann Constant, T is the temperature, q is the electron charge and n is the ideality factor. From the measured S-parameters, the extracted value of R s , R d and C d are found to be 140 , 700 and 2800 fF, respectively. Using these values and γ of 14 for diode B, the predicted voltage sensitivity is 21, 7.74, 5.384 V/W at 3, 5 and 6 GHz, respectively. The voltage and current sensitivity are related to each other as shown in Equation (1) and can be used to calculate rectified current (P in β i ). Figure 9 shows measured and calculated rectified current and a good match is obtained over the entire input power range. It can be verified from the slope of measured current in Figure 9 that the rectified voltage or current response changes linearly with input power over a wide power range (-18 dBm to 0 dBm) at the measured frequencies. In other words, it follows the square law detection. Discrepancy between the calculated and measured values is due to error in the measurement of power (∼10%).
The diodes presented here show the rectification voltage sensitivity comparable to some of the previously reported GaN and SiC based diodes, see Table 1 . The equivalent model of these diodes (R d and C j ) was scaled with respect to area to compare with the measured value of the diode of this paper, 4900 μm 2 . These results clearly show that VOLUME 5, NO. 5, SEPTEMBER 2017 295 the SiC/Si diodes can be used in the design of microwave circuits and have similar performance as reported in literature for different wide band gap devices. The diode performance can be further improved by lowering the series resistance and junction capacitance. In future lower series resistance can be achieved by annealing of the contacts which can be performed by laser itself to keep the heat localized to the growth region. To achieve lower capacitance, diodes with the smaller area can be used. 
C. SIC/SI DIODE BASED FREQUENCY DOUBLER
Frequency multipliers are often used in a variety of applications such as frequency synthesizers, transceivers and future 60 GHz broadband wireless systems and automotive radar [32] . Frequency multiplication using SiC and GaN based diodes has been demonstrated in past [6] , [7] , [33] . There is great interest in developing low-cost frequency multipliers for compact, single-chip transceivers using Sibased technologies. However, for power applications hybrids SiC and GaN-based multipliers are still prominent. Here applicability of SiC/Si HJ diode for frequency multiplication circuits is reported. For the experimental set-up, the RF signal from a signal generator was supplied to the diode through a directional coupler (HP87300B) and output power at harmonics was measured using a spectrum analyzer. Figure 10 shows the output power of the second harmonic for a type B diode for fundamental frequencies in the range of 2 -6.5 GHz at an input power level of -3 dBm. The diode shows an output power -53 dBm for 2 x f in = 4 GHz, and the highest measured output power remains above -72 dBm for frequencies up to 2 x f in = 12 GHz. Considering the large size (70 x 70 μm 2 ), the device provides good performance in the GHz frequency range. The conversion efficiency of the diode decreases at higher frequencies due to transit time loss and impedance mismatch. Device size can be decreased to enhance performance at higher frequencies. Figure 11 shows the output power of the 2 nd harmonic as a function of input power at fundamental frequencies of 2 and 4 GHz. The output power increases linearly with input power; over the entire input power range, demonstrating stable operation of the diode. Higher input power levels were not used due to the presence of higher harmonics from the source. The diode is expected to show a continuous linear response even at high power levels as it is clear from rectification results where high RF power was successfully applied without any breakdown. The measured results of the 2 nd harmonic are extrapolated for higher input levels in order to compare the conversion loss with previously reported frequency multipliers based on wide bandgap materials, see Table 2 . Conversion loss (CL) of 14 dB is obtained at input RF power of 10 dBm which is comparable to results reported in literature. Conversion loss can be reduced by decreasing the series resistance of the diode. It can further be reduced by employing impedance matching technique and using a bandpass filter to avoid harmonics from the source. 
IV. CONCLUSION
SiC/Si heterojunction diodes are fabricated using a novel laser processing technique using a high power KrF (nanosecond) excimer laser to locally grow SiC on Si substrate. The completed diodes are tested for RF and microwave circuit applications. This laser fabrication process has potential in developing low cost, high power microwave diodes by enabling direct localized growth on Si substrates. This process can potentially serve as an alternative to conventional techniques for heterogeneous integration of SiC devices on a CMOS wafer. This process offers limited damage to the substrate and neighboring circuits as the energy is absorbed near the surface region (modifying the surface chemistry) due to strong UV absorption by Si.
The small area diodes for RF characterization were successfully fabricated, showing strong non-linear I-V characteristics with low leakage current. In particular, diodes with contact area of 70 μm × 70 μm are fabricated and characterized. Diodes fabricated using a highly doped wafer showed higher forward current and provided better RF characteristics due to lower series resistance. The best performing diode showed microwave rectification sensitivity of 21V/W (at 3 GHz). The envisioned applications of these rectifiers are in high power wireless power transfer. In addition to rectification, SiC/Si HJ diodes were also tested as frequency doublers. Diodes on higher doped wafers show frequency multiplication in the 4-12 GHz range. These results clearly attest to the possibility of highperformance SiC-based electronic devices on low-cost large area Si substrates. This technology can potentially reduce cost and improve performance of systems for commercial applications such as high-speed communications, automotive collision avoidance, compact power converters and radar systems.
